A lthough subarachnoid hemorrhage from ruptured aneurysms accounts for only 5% of all strokes, it results in death in 30 to 50% of patients and plagues a population on average 20 years younger than ischemic stroke. The resulting loss of productive life years is, therefore, proportional to cerebral infarction.
A lthough subarachnoid hemorrhage from ruptured aneurysms accounts for only 5% of all strokes, it results in death in 30 to 50% of patients and plagues a population on average 20 years younger than ischemic stroke. The resulting loss of productive life years is, therefore, proportional to cerebral infarction. 1 Intracranial aneurysm formation is intimately related to extracranial carotid disease, sharing multiple risk factors and in some cases a direct causal relationship as a result of progressive atherosclerosis that inflicts increased hemodynamic stress in the nonoccluded vessels, resulting in aneurysm formation and rupture. 2 Although endovascular management of ruptured aneurysms is often possible, surgical clipping is frequently necessary. 3 Surgical treatment of intracranial aneurysms can be challenging when severe atherosclerotic disease has affected the vicinity of the aneurysm, the aneurysmal neck, the parent vessel or the branches distal to the aneurysm. Temporary occlusion of the parent vessel and other tributaries is required for safe surgical dissection of the aneurysm but in vessels with severe atherosclerosis, clip application may incompletely reduce flow. Similarly, complete occlusion of the aneurysm neck can be difficult if the plaque formation prevents complete occlusion during clip application. Preclipping evaluation of the vasculature involved has the potential to elucidate these problems before clip application given the surgeon valuable information to modify surgical technique and to prevent intraoperative complications.
Surgical cerebral revascularization plays an important role in certain situations of complex skull base tumors, large cerebral aneurysms, or moyamoya disease. 4 Bypass techniques rely on the technical execution of the anastomosis performed to guarantee sufficient flow. Intraoperative evaluation of bypass patency can be performed with fluorescent video-angiography, Background and Purpose-Extravascular optical coherence tomography (OCT), as a noninvasive imaging methodology with micrometer resolution, was evaluated in a murine model of carotid atherosclerosis by way of assessing the efficacy of pravastatin therapy. Methods-An OCT device was engineered for extravascular plaque imaging. Wild-type mice and apolipoprotein E-deficient (ApoE
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conventional angiography, and Doppler measurements, 5 but technical errors resulting in stenosis could be identified and corrected by analyzing the specific location of the stenotic segment.
Current intraoperative vascular imaging is limited to duplex ultrasonography, continuous wave Doppler, fluorescent video-angiography, or intraoperative digital subtraction angiography. Duplex ultrasonography is limited by low-definition imaging that often requires a trained ultrasonography technologist to interpret the intraoperative imaging. Continuous wave Doppler is easy to use and provides an overview of the patency of the reconstructed vessel through audible evaluation, but it is not able to provide imaging or quantify the degree of vessel stenosis. 6 Fluorescent video-angiography, although often providing real-time visualization of small perforating vessels, image quality can be poor in deep surgical fields. 7 Intraoperative angiography is the gold standard for imaging but has the disadvantage of requiring the use of arterial puncture and bringing in a separate angiography team into the operating room. 8 A real-time, detailed imaging methodology of the cerebral vasculature in neurosurgical procedures can significantly affect patient outcomes.
Optical coherence tomography (OCT) could play an important role as an adjuvant intraoperative technique. OCT uses reflected infrared light, similar to the reflected sound waves found in ultrasound, to acquire real-time, cross-sectional images. 9 The benefit of OCT is that it provides resolutions of 5 to 10 μm when compared with the resolution of several hundred micrometers found with ultrasound. Endovascular OCT imaging can resolve the normal human arterial wall structure, including the borders between adventitia, media, and intima. 10 Imaging of vascular plaques has been shown to resolve the thin fibrous caps thought to be responsible for plaque vulnerability in addition to the ability to differentiate between lipid, calcium, and fibrous tissue.
11 Endovascular OCT, however, involves imaging with a percutaneous arterial catheter. To obtain adequate vascular wall visualization in vivo, blood must be displaced with saline. Optimal imaging, therefore, is limited to 2 seconds without balloon occlusion of the vessel being imaged. This requirement limits the practical application of endovascular OCT during open carotid endarterectomy or cerebrovascular surgery.
The apolipoprotein E-deficient (ApoE −/− ) murine model has been established as one of the closest representations of clinical atherosclerosis in humans, modeling such aspects as plaque rupture in a similar pattern as the human pathology. 12 ApoE −/− mice that fed a high-fat diet (HFD) have been shown to develop arterial plaques consistently throughout the arterial system. 13 Pravastatin therapy in combination with the model has been shown to reduce brachiocephalic artery plaque cross-sectional area by 61% and the incidence of acute plaque rupture by 36%.
12
The mouse carotid also provides a close clinical correlate to human cerebral microvasculature in both vessel wall thickness and similar hemoglobin and hematocrit % to humans. 14 We set out to develop an extravascular OCT imaging device for noninvasive, real-time, detailed atherosclerotic plaque and patency visualization during intracranial vascular surgery. After development of the OCT imaging device, its accuracy in analyzing the presence of arterial plaques was assessed in the ApoE −/− model. Mice were randomized to wild-type mice on a regular diet, ApoE −/− mice on a HFD to promote plaque development, and ApoE −/− mice on a HFD with pravastatin therapy to inhibit plaque development and acute plaque rupture. To our knowledge, this study represents the first application of extravascular OCT imaging to assess plaque morphology and statin efficacy in a live, in vivo model of atherosclerosis.
Materials and Methods
Experimental Design
We set out to assess the ability of intraoperative OCT imaging to determine the presence, size, and morphology of carotid arterial plaques in a murine model of atherosclerosis accurately. A total of 39 wild-type and ApoE −/− mice in 2 separate experiments were placed into 1 of the 3 groups to compare plaque development and morphology. Wild-type mice (n=13) were provided a standard rodent diet. ApoE −/− (n=26) were provided a HFD and then randomized to 1 of the 2 treatment groups: (1) ApoE −/− on HFD and (2) ApoE −/− on HFD with daily pravastatin.
Study 1 consisted of a proof of concept analysis to establish the OCT imaging methodology, to analyze plaque development over time to establish the optimal timing of carotid plaque development, and to determine the survivability of the surgical procedure. In the first experiment, OCT imaging was obtained at 8 weeks (n=1 per group), 10 weeks (n=1 per group), and 14 weeks (n=3 per group). After left lateral neck dissection and OCT imaging were completed, the mice were either kept alive for a second imaging or were euthanized and perfused. After perfusion, the carotid arteries were again imaged in situ for comparison of plaque morphology with the live, in vivo images. A final feasibility experiment in study 1 was then performed by converting the table-top, stationary OCT unit ( Figure 1 ) into a handheld imaging probe adapted for clinical application (Figure 1 , inset; Figure I in the online-only Data Supplement); the details of which have been previously published. 15 The probe used a stainless steel handpiece and had a 2-cm working distance. Mice at 10 weeks were imaged using the handheld probe before perfusion.
Study 2 was performed using the benchtop OCT device to establish the efficacy of OCT imaging to determine plaque presence and size when compared with histology and to determine the treatment efficacy of pravastatin therapy. Mice (n=8 per group) were administered their designated treatments for 14 weeks followed by live, in vivo OCT imaging and postperfusion in situ OCT imaging. The carotid arteries were then resected, and the histology obtained was compared with the OCT images. Acquired cross-sectional OCT images and histology slices were evaluated for percent lumen patency by highlighting the region of patent inner vessel lumen excluding plaque and calculating the highlighted area using ImageJ software (Rasband W.S.; ImageJ; U. S. National Institutes of Health, Bethesda, MD; http://imagej.nih.gov/ij/, 1997-2012). The percent lumen patency was reported as mean±SEM.
Animals
C57Bl/6J wild-type mice (Jackson Laboratories, Bar Harbor, ME) and C57Bl/6J ApoE −/− mice (Jackson Laboratories) of 10 weeks were taken for the initial experiment and 18 weeks for the final experiment. All mice were housed in standard animal facilities with free access to Baltimore City water. Wild-type mice were given free access to standard rodent chow. ApoE −/− mice were given free access to HFD, atherogenic rodent diet (Harlan Laboratories, Indianapolis, IM). The Johns Hopkins Animal Care and Use Committee approved all experimental protocols.
Design of the OCT Imaging Device
Details of the OCT system configuration were reported in our previous work. [16] [17] [18] The system used a light source of wavelength 825 nm, as we found this to provide the optimal balance of image resolution and light scattering for imaging murine carotid atherosclerosis based on previous experiments trialing both 825 and 1300 nm . The OCT system is built on a dual-graphics processing unit computer architecture, which allows for cross-sectional imaging with simultaneous ultrafast 4-dimensional (4D; 3 spatial dimensions with time) reconstruction. The OCT spectrometer was set to operate at 1024-pixel mode by selecting the area of interest. The minimum line period was spectrometer limited to 7.8 μs with the exposure time of 6.5 μs, corresponding to a maximum line rate of 128000 A-scan/s. The imaging volume is 2.3 (X) by 2.3 mm (Y) lateral and 3 mm (Z) axial. Each B-mode image consisted of 512 A-lines. The system has a measured axial resolution of 6 μm in air and lateral resolution was ≈20 μm assuming Gaussian beam profile.
Anesthesia
Mice were anesthetized with a single intraperitoneal injection (0.05 mL/10 g) of an anesthetic mixture containing xylazine (10 mg/kg; 100 mg/mL Xyla-ject; Phoenix Pharmaceutical, Inc, St. Joseph, MO) and ketamine (50 mg/kg; 100 mg/mL KetaThesia; Butler Animal Health Supply, Dublin, OH). The absence of pedal and tail pinch reflexes was confirmed before the procedure performance.
Surgical Technique
After initiation of anesthesia, the midline and left neck were shaved (Chromini Cordless Trimmer; Wahl Manufacturing Co, Toronto, Canada). The region was then scrubbed with povidone-iodine topical antiseptic followed by 70% ethyl alcohol. Mice were placed supine, and a vertical skin incision was made in the skin overlying the left neck approximating the location of the left carotid sheath. The underlying soft tissue and salivary glands were dissected with the use of a surgical microscope (Carl Zeiss Co, Oberkochen, Germany). Four miniaturized retractors were placed to retract the submaxillary gland, sternocleidomastoid muscle, and midline strap muscles to reveal the region of the carotid sheath. The left common carotid artery was bluntly separated from the surrounding tissue and was visualized to above the level of the carotid bifurcation. A small piece of latex measuring 3×5 mm was then placed under the distal common carotid and proximal bifurcation to maintain visualization during the imaging process in a similar manner to those used during cerebrovascular bypass procedures.
After in vivo OCT imaging of the live mice was completed, the mice were separated into those who were to remain alive for a follow-up imaging procedure (n=3 per group), performed only during 
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April 2014 study 1, and the remaining underwent perfusion to undergo postperfusion imaging. Mice designated to remain alive for additional imaging had the latex piece removed, tissues reapproximated, and the incision closed using a 4-0 silk suture (Ethicon, Sommerville, NJ).
OCT Imaging Acquisition and Analysis
After left carotid exposure, the extravascular OCT scanner was placed over the distal common carotid to capture plaque development at the carotid bifurcation (Movie IA and IIA in the online-only Data Supplement). There were 2 imaging modes of the OCT system: B-mode and C-mode imaging. The OCT system ran at 128 000 A-scans/s. Under B-mode imaging mode, cross-sectional image of a specific area of interest under investigation by the surgeon was obtained. Each raw B-mode image consisted of 512 A-scans covering a reasonable whole vessel diameter. Every 10 frames were averaged to improve the image quality, which gives an effective imaging video rate of 25 frames per second (fps), from an initial rate of 250 fps. Another advantage of averaging the frames is that speckle patterns, which are inherent with OCT images, are averaged out for blood flow, whereas plaque and vessel wall images contained a pronounced grain pattern. 19 This information was used to determine which part was plaque and which part was blood within the vessel wall. For C-mode imaging, each volume consisted of 500 B-frames. Although real-time images were rendered, raw spectra data for the B-mode and C-mode images were also saved for later analysis, if needed. Image processing software, ImageJ, was used to perform the postimage processing and volume rendering.
Tissue Preparation
After completion of OCT imaging, mice were perfused via bilateral thoracotomy, cannulation of the left ventricle, and opening of the right atrium. Perfusion was performed with 50 mL of normal saline (0.9% NaCl) at 10 mL/min using a pump (Watson-Marlow, Inc, Wilmington, MA). The saline was followed by perfusion with 50 mL of 10% formalin at 10 mL/min. Injection of porcine gelatin (Sigma Aldrich, St. Louis, MO) was then performed via syringe injection through the previously placed cannula within the left ventricle. The mice then underwent in situ, extravascular OCT imaging for comparison with the previous live, in vivo imaging (Movies IB and IIB in the online-only Data Supplement).
After completion of the in situ imaging, the carotid artery was excised from the level 10 mm proximal to the common carotid bifurcation to the level 1 mm distal to the bifurcation. A 4-0 silk suture tie was placed at the proximal end for identification during histological slicing. The excised carotid arteries were labeled and placed in 10% formalin for >48 hours for fixation and embedded in paraffin. Five axial sections of 10-μm thickness were taken at the carotid bifurcation at 5 levels separated by 100 μm. Samples were then processed and placed on glass slides. One slide from each level was then stained with hematoxylin and eosin. The level found to be nearest the midpoint of the carotid bifurcation was then independently identified and used for comparison analysis with OCT imaging.
Inter-Rater Reliability
To determine the potential clinical application of intraoperative OCT imaging of atherosclerotic plaques better, a brief test was designed to assess the ease of identifying plaque on single-frame, cross-sectional images obtained from live mice. A 1-page instruction sheet consisting of 4 cross-sectional images, 2 containing no plaque and 2 containing carotid plaque with the plaque identified by outline and arrows, was initially provided to the volunteers. After this brief instruction page, 4 blinded volunteers were asked to identify whether plaque was present in a series of 24 printed OCT images obtained in vivo from live study mice. The volunteers had varying levels of experience with interpreting OCT images from no exposure to experienced.
Statistical Analysis
Analysis of percent lumen patency between treatment groups using a single imaging modality (live, in vivo OCT imaging; postperfusion OCT imaging, histological imaging) was performed using a KruskalWallis test (1-way, nonparametric ANOVA). Statistical significance of the difference in percent lumen patency between imaging modalities was calculated using the Friedman test (nonparametric, repeated measures ANOVA). Inter-rater reliability was calculated as mean±SEM sensitivity and specificity. All calculations were performed using GraphPad Prism version 6.00 for Macintosh (GraphPad Software, La Jolla, CA).
Results
OCT Image Acquirement
OCT imaging was acquired in a total of 38 wild-type and ApoE −/− mice. Study 1 consisted of a total of 15 mice within the 3 treatment groups imaged over time for proof of concept and determination of study methodology-group 1: wild-type mice provided a standard rodent diet (n=5); group 2: ApoE −/− mice provided a HFD (n=5), and group 3: ApoE −/− mice on HFD with daily pravastatin (n=5). Mice from each group were imaged at 8, 10, and 14 weeks to establish the time-course of plaque development in the ApoE −/− mouse carotid. Plaque was initially evident at 8 weeks within the ApoE −/− on HFD mice. Optimal plaque development across all imaged ApoE −/− on HFD mice was seen at 14 weeks. ApoE −/− mice on HFD given daily pravastatin at the time of initiation of the HFD had a lesser degree of plaque development. The OCT scanning fiber was then integrated into a handheld probe as a proof of concept of the convertibility of the imaging system into a clinically feasible handheld device for intraoperative imaging.
Study 2 was then performed to establish the statistical efficacy of extravascular OCT detection of carotid atherosclerosis when compared with histology and to establish the therapeutic efficacy of pravastatin treatment. After administration of the designated treatment for 14 weeks, mice were anesthetized and surgical exposure performed for in vivo OCT imaging, postperfusion in situ OCT imaging. The carotid arteries were then resected, and the previously obtained OCT images were compared with the histology.
Atherosclerotic Plaque Evaluation
At 14 weeks after treatment initiation, the 23 (1 ApoE −/− mouse on HFD did not survive to 14 weeks) mice of study 2 underwent live, in vivo OCT imaging, postperfusion in situ OCT imaging, and ex vivo histological analysis (Figures 2 and 3 ).
When placed in direct comparison with the perfused arteries, the scattering component of RBCs results in suboptimal imaging of the far wall of the carotid artery. Despite this limitation, the presence of carotid plaque was identified during OCT imaging in 100% of ApoE −/− on HFD mice before perfusion. When compared with histology, OCT real-time video captured before perfusion, when evaluated by 2 researchers experienced in OCT, revealed 100% sensitivity and 100% specificity for plaque identification in both the ApoE −/− on HFD group and the ApoE −/− on HFD with pravastatin group. The mean percentage lumen patency (Figure 4) in ApoE −/− on HFD mice was found to be 74.9% (± 6.8), significantly less than that of normal mice (P<0.001) in which all were found to have 100% lumen patency and ApoE −/− on HFD with pravastatin (P<0.01), which were identified to have 97.1% (±5.8) lumen patency. In comparison with postresection histology, mean percentage luminal patency in ApoE −/− on HFD mice was found to be significantly less during live, in vivo imaging than those on postresection histology (P<0.01). ApoE −/− mice on HFD revealed a 74.9% (±6.8) lumen patency in live mice in comparison with a 41.4% (± 8.6) lumen patency noted on histology. With normal mice and ApoE −/− on HFD with pravastatin, no significant difference was noted between live, in vivo OCT imaging and postperfusion histology.
Inter-Rater Reliability of Plaque Presence
After completion of the standardized volunteer assessment of single cross-sectional images, the mean sensitivity of live, in vivo OCT imaging in identifying plaque presence was 86.25% (±8.25) and specificity was 71.50% (±9.17). and histology. The area of patent vessel lumen is presented for each mouse within the apolipoprotein E knockdown (ApoE KD) on high-fat diet (HFD) group and the ApoE KD on HFD with pravastatin treatment group. Box plot symbols are as follows: +, mean; −, median; □, 75th percentile, 25th percentile; ┬, 100th percentile; and ┴, 0th percentile. Within the ApoE KD+HFD group, mean percentage lumen patency was found to be significantly less by postperfusion OCT imaging and histology than by the intraoperative OCT imaging. The ApoE KD+HFD+pravastatin group was found to have significantly greater mean percentage lumen patency than the ApoE KD+HFD using all 3 measurement modalities.
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En Face and 4D Reconstruction
To assess the clinical potential of intraoperative OCT imaging further, our OCT system was engineered to provide simultaneous volume rendering of the scanned images to present the plaque morphology and optimize the ability to determine the extent of atherosclerotic plaque within a vessel. From a 4D volume C-scan image, en face slices at varying depths were obtained to visualize plaque during the live, in vivo imaging and the postperfusion in situ imaging ( Figure 5 ). Figure 6A reveals live, in vivo vessel imaging with partial atherosclerotic plaque occlusion. Figure 6B depicts a normal vessel wall after perfusion and reveals a virtually simultaneous reconstruction of the common carotid bifurcation into the internal and external carotid arteries. Figure 6C shows a heavily occluded vessel after perfusion. To study the inner plaque volumetric morphology better, 2 virtual cut views can be made by cutting the vessel into top and bottom halves.
Discussion
This study describes the use of extravascular OCT imaging in the intraoperative evaluation of carotid plaque in ApoE A standardized assessment containing 24 randomized OCT images of live, in vivo carotids from all 3 treatment groups was then presented to a group of volunteers with a diversity of experience with OCT images from zero to experienced. Although presented with a single cross-sectional carotid image rather than a dynamic, live video with 4D reconstruction, which would be available during live imaging, the assessment revealed a mean sensitivity of 86.3% and specificity of 71.5%. Given the presence of the added limitation of erythrocyte scattering seen with in vivo OCT imaging, this sensitivity compares favorably with that of the ex vivo, perfused analysis of human coronary plaque by intravascular OCT by Rieber et al, 20 which revealed a sensitivity ranging from 64% to 77% and specificity of 88% to 97%. Likewise, Manfrini et al 21 reported a sensitivity of 45% to 83% and specificity of 76% to 83% for clinical intravascular OCT imaging. In comparison, our OCT imaging during study 2 revealed 100% sensitivity and specificity for carotid plaque detection when live, in vivo imaging was compared with postperfusion histology.
Our purpose in this study was to establish whether OCT imaging would provide an effective technique for high-definition, live imaging that would assist intraoperative decision making during cerebrovascular procedures. Recent research interest has focused on the ability of endovascular OCT imaging of atherosclerotic plaques to provide information on plaque morphology and possibly assist in predicting plaque rupture vulnerability. 22, 23 Although endovascular OCT imaging may have diagnostic potential, its intraoperative application is limited. Its requirement for invasive, intravascular catheter placement requires the equipment and expertise of a physician experienced in endovascular techniques, adding to the time and cost of a potential surgical procedure. In addition, the securing of cerebral aneurysms and performing by guest on July 17, 2017 http://stroke.ahajournals.org/ Downloaded from cerebrovascular bypass procedures requires the use of intraoperative temporary arterial clipping, precluding the simultaneous use of an endovascular catheter. 24 The greatest benefit to date of OCT image acquisition instead of intraoperative ultrasound is the high-definition imaging possible that enables detailed 4D (3 spatial dimensions plus time) reconstruction of the vessel lumen. With the dual-graphics processing unit system engineered for our present device, we were able to produce virtual-live 4D images that could be used to make instantaneous intraoperative decisions without need for an invasive procedure, such as intravascular catheter insertion. In addition, many OCT imaging devices have been limited by a frame capture rate of 4 to 8 fps found in initial studies 11, 25 with ≤100 fps on current commercial units. 26 Our dual-graphics processing unit system captures 250 fps and averages every 10 frames. Speckle patterns, which are inherent with OCT images, are averaged out as blood flow, whereas plaque and vessel wall images remain stable. The averaging, therefore, removes much of the motion artifact found in a live pulsating object, such as the mouse carotid artery, enabling clearer visualization of the plaque morphology. In addition, the ability of this system to be integrated into a handheld imaging probe allows for free-range imaging of the vessel lumen from multiple angles.
The most apparent limitation of OCT imaging is the depth of light penetration, between 0.5 and 3 mm with most systems used clinically today. Depth of light penetration is directly related to the wavelength selected and becomes a trade-off between light absorption and scattering. Absorption is minimized within tissue between the wavelengths of 700 and 1300 nm. Although absorption is lower at 700 nm, scattering is less at 1300 nm, which leads to greater tissue penetration at longer wavelengths. For our system, we used a light source of wavelength 825 nm because we found that this to provide the optimal balance of tissue penetration and scattering for imaging murine carotid atherosclerosis (sample pre-experiment study comparing in vivo imaging of the same murine carotid artery with an 825 nm versus 1300 nm system is seen in Figure II in the online-only Data Supplement). This choice of wavelength, however, did limit our depth of penetration to ≈1 mm. The depth of penetration would limit immediate clinical application in certain surgical procedures, such as carotid endarterectomy, where the average total wall thickness without diseased plaque is 1.05 mm. 27 One potential method of overcoming this limitation is through the use of the prototype handheld OCT imaging probe. Holding the probe from 3 different angles at 0°, 90°, and 180°, for example, could provide for a virtual 360° image reconstruction of the vessel lumen. Also, the depth of tissue penetration is less of an issue within the field of vascular neurosurgery, such as aneurysm securing procedures, where the integration of our current system into a handheld imaging probe may have immediate clinical application. For example, arguably some of the most complex of cerebral aneurysms to secure with an open surgical approach involve the anterior communicating artery. The average total diameter of human anterior communicating artery is 1.5 mm with total wall thickness much less, which is within the 1-mm depth of penetration using our current OCT imaging system. 28 An OCT imaging probe would allow for evaluation of the vessel lumen after aneurysm securing, immediately ensuring that no nearby perforating arteries are unknowingly occluded by the aneurysm clip. Intraoperative occlusion of small perforating vessels has been estimated to account for 8% of all strokes after clipping of ruptured cerebral aneurysms. 29 
Conclusions
OCT evaluation of the carotid artery in ApoE −/− mice on HFD revealed a statistically significant decrease in lumen patency when compared with that in wild-type mice on a regular diet. Pravastatin was found to significantly increase vessel lumen patency in the ApoE −/− mouse on HFD. OCT offers the potential for real-time, detailed vessel lumen evaluation with simultaneous 4D reconstruction, potentially improving surgical accuracy and outcomes during cerebrovascular neurosurgical procedures. Image of the same carotid artery at a similar location acquired using the 825nm light source reveals the greater detailed resolution of the proximal vessel wall.
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